Introduction
Recombinant monoclonal antibodies (mAbs) are large, heterogeneous proteins that have emerged as therapeutics due to their predictable properties, controlled functions and long circulating life. MAbs represent a class of advanced, but expensive, medicines. With healthcare costs increasing to more than 16% of total gross domestic product in the US, lowering the cost of medicine is an economic and public health priority. 1 There has recently been increasing interest in developing less costly biosimilar mAbs by both innovator and generic drug companies. 2 Another driving force for the interest in biosimilars is the upcoming patent This study shows that state-of-the-art liquid chromatography (LC) and mass spectrometry (MS) can be used for rapid verification of identity and characterization of sequence variants and posttranslational modifications (PTMs) for antibody products. A candidate biosimilar IgG1 monoclonal antibody (mAb) was compared in detail to a commercially available innovator product. Intact protein mass, primary sequence, PTMs and the micro-differences between the two mAbs were identified and quantified simultaneously. Although very similar in terms of sequences and modifications, a mass difference observed by LC-MS intact mass measurements indicated that they were not identical. Peptide mapping, performed with data independent acquisition LC-MS using an alternating low and elevated collision energy scan mode (LC-MS E ), located the mass difference between the biosimilar and the innovator to a two amino acid residue variance in the heavy chain sequences. The peptide mapping technique was also used to comprehensively catalogue and compare the differences in PTMs of the biosimilar and innovator mAbs. Comprehensive glycosylation profiling confirmed that the proportion of individual glycans was different between the biosimilar and the innovator, although the number and identity of glycans were the same. These results demonstrate that the combination of accurate intact mass measurement, released glycan profiling and LC-MS E peptide mapping provides a set of routine tools that can be used to comprehensively compare a candidate biosimilar and an innovator mAb. In Europe, EMA has established guidelines and defines a biosimilar as "a medicine which is similar to a biological medicine that has already been authorized." 4 A number of biosimilar products are already marketed in Europe, although none are mAbs 5 and developing biosimilar products is challenging. 6 Few biosimilar products have been approved in the US, where they are referred to as "follow-on protein products" or "follow-on biologics" (this article uses the term biosimilars throughout), due
In this study, molecular similarity between a candidate biosimilar mAb and its innovator product (trastuzumab) was assessed in detail by using a panel of advanced liquid chromatography (LC) and mass spectrometry (MS) technologies. Protein identity, sequence variants, glycosylation profile and other posttranslational modifications (PTMs) and impurities were rapidly characterized with the aid of software programs for automated LC-MS data processing and evaluation. Extensive comparison of N-linked glycosylation in the heavy chains was performed at the protein, peptide and free glycan levels using intact protein mass measurement, by peptide mapping with data independent acquisition LC-MS using an alternating low and elevated collision energy scan mode (LC-MS E ), and by free glycan profiling.
Results
Revealing a mass difference in the biosimilar at the intact protein level. Like all IgG1 antibodies, trastuzumab has two light and two heavy chains connected by disulfide bonds. A consensus N-site in the Fc region of heavy chains is occupied with complex N-linked glycans. 20 A combination of high resolution reverse-phase LC and accurate mass MS was used to measure the molecular masses of the intact antibody and single chains after reduction with dithiothreitol (DDT). A data processing application manager (BiopharmaLynx 1.2) automatically deconvoluted the collected MS spectra to average mass for each LC peak. The deconvoluted MS spectra of both intact and reduced forms of both innovator and biosimilar mAbs are shown in Figure 1 . Both mAbs showed multiple peaks at the intact protein level (Fig.  1A) , which are attributable to the glycoforms typically found in all IgG1 antibodies due to the N-linked glycosylation forms present in the conserved region of heavy chains. 22 The glycosylation profiles were similar to those observed in a study that determined the lot-to-lot heterogeneity of trastuzumab. 23 Details of the glycoforms of the two mAbs investigated here are discussed in the "Comprehensive Glycosylation Study" section.
When compared to a sample of the innovator product, the biosimilar mAb had glycoforms that were similar (attributable at the intact protein level), but each of the glycosylated peaks was offset by a consistent difference. Each peak had a mass difference ~64 Da lower for the biosimilar candidate than the innovator product for each of the corresponding glycoforms.
To make further analysis more straightforward, the samples were then reduced with DTT to remove complexity caused by the pairing of oligosaccharides at the intact protein level. Inspection of the individual heavy and light chains of reduced mAbs confirmed that N-linked glycoforms were located in the heavy chains as expected. The same deconvoluted mass (MH + , 23438.0 Da) was measured for the light chains of both mAbs (Fig. 1C) ; however, in the heavy chains, a consistent ~32 Da lower mass per heavy chain (Fig. 1B) was observed for each major glycosylated peak of the biosimilar candidate compared with the innovator product. It is logical to hypothesize that the origin of the overall mass difference lay within the heavy chain of the candidate biosimilar mAb.
to restrictions in the legislative pathways used by the Food and Drug Administration to approve therapeutic agents. This situation may change as a consequence of healthcare legislation passed in March 2010 that contains specific provisions for biosimilars. 7 The stated intent was to create an approval pathway similar to that used for small molecule generic drugs to potentially reduce healthcare costs and expand competition. Nonetheless, the bill was severely criticized by proponents of biosimilars because of the 12-year "data exclusivity" protection afforded biotherapeutics. 8 Under these circumstances, innovators have an interest in ensuring that their products are well-characterized so that biosimilars undergo similar rigorous characterization. Conversely, biosimilar manufacturers must ensure that their product conforms as closely as possible to the existing product, reducing the need for expensive clinical trials and speed time to market. Therefore, all parties have an interest in performing comprehensive analysis of their products.
For innovative products as well as biosimilars, criteria for approval include quality, efficacy and safety. The objective of the biosimilar industry is to develop a product that is, as much as possible, similar to a marketed innovator product. Therefore, the quality, non-clinical and clinical development programs are designed to demonstrate similarity of a biosimilar to its innovator product in every aspect. A number of physicochemical and biological methods are required by regulatory authorities for characterization of mAbs. 3, 9 Participants in EMA's 2009 workshop questioned just how similar a biosimilar must be and commented on the difficulty of obtaining information on every atom in a product and the need for a biosimilar mAb to have the same distribution of antibody variants as the innovator product. 3 It was emphasized that biosimilars must have the same amino acid sequence as the reference product, even though "both reference and biosimilar mAb products will be micro-heterogeneous mixtures of a large number of post-translationally modified molecular species." Comments reported included the assertion that the strategy of comparability testing of reference products could be re-applied to the physicochemical testing of biosimilars and indeed that idea is applied in this paper. In the work presented here, primary sequence in a biosimilar candidate is shown to be different from that of the innovator product, showing that sequence variants can be discovered as part of routine analytical workflow.
Assessing the molecular similarity of a candidate biosimilar to the innovator product is a critical task during development of a biosimilar mAb. The biosimilar industry thus needs rapid and reliable analytical methods to establish molecular similarity required by regulators. Defining the molecular similarity of two IgG1 mAbs, each with an average molecular mass of 150 kDa, can be challenging. Unlike small molecule generic products, protein products generally exhibit micro-heterogeneities. Apart from primary sequence, it has been established that glycosylation can be critical for the biological function of mAbs. [10] [11] [12] [13] [14] Productrelated substances or impurities such as deamidated, isomerized or oxidized forms, or protein aggregates [15] [16] [17] [18] [19] [20] [21] that may be introduced during cloning and production processes can affect both tertiary structure and antigen binding properties of mAbs. the innovator product. Employing a data independent acquisition reverse-phase LC-MS with alternate low and elevated collision energy scanning (LC-MS E ) also brings additional Peptide mapping to locate sequence variants and PTMs. Peptide mapping is used to investigate differences in protein sequences and PTMs between the biosimilar candidate and collected. For peptide maps, the application manager automatically assigns peptide identity based on the accurate masses of charge-reduced and isotope-deconvoluted singly charged precursors and provides their MS signal intensities for accurate quantification. Meanwhile, singly charged fragment ion spectra of peptides are simultaneously provided for sequence confirmation. Figure 2 is a mirror plot view of the LC-MS peptide maps of the biosimilar and innovator mAbs presented either as total ion chromatograms (TICs, Fig. 2A ) or charge-reduced and isotopedeconvoluted singly charged ions (MH + ), processed by the application manager. The MS intensity is shown along with retention time (RT; subsets of the converted chromatogram as shown in Fig. 2B and C) . Identified peptides were automatically annotated by the application manager with annotation scheme depicting whether they were tryptic peptides from the heavy chain (HTxx) or light chain (LTxx). Additionally, the converted singly charged MS E fragment spectra were available to confirm the amino acid sequences of assigned peptides and locate their modifications, as demonstrated in Figures 3 and 6 .
Sequence variants. Although the differences between the LC-UV traces of the tryptic digests of the biosimilar and the innovator product were largely identical, varying only in peak shapes, the processed LC-MS maps showed two key differences that were not detectable in the UV traces. Peptides HT34-35 and HT35 of the innovator product were not identified in the map of the biosimilar ( Fig. 2B and C) . Conversely, two new masses at RT 34.87 and 6.79 min (also shown in Fig. 2B and C), were observed in the biosimilar map; these did not have corresponding matches in the innovator map. benefits for peptide maps. 24 Unlike data dependent acquisition (DDA) LC-MS/MS, MS E generates fragments without precursor selection. 25 Therefore all charge states of peptide precursors are fragmented in an approach unbiased by the user or by the precursor signal. The data provided by MS E acquisition allows for sequencing peptides above the limit of detection and for accurate quantification by MS signals, including low-abundance components. An LC-UV map was also collected in parallel for comparison purposes.
In a previous study, 24 we established that peptide mapping with LC-MS E using tryptic digests of yeast enolase and alcohol dehydrogenase (ADH) was able to achieve high sequence coverage (97%) of targeted proteins, identify ADH sequence variants [26] [27] [28] and characterize low-abundance protein impurities and site-specific modifications in a single LC-MS analysis. We applied the same peptide mapping method here, collecting two sets of data in parallel using LC-MS E acquisition. One data set contains low collision energy data (MS, effectively the accurate mass of peptide precursors) and the second data set the elevated collision energy data (MS E , all of the peptide fragments). The unbiased and reproducible nature of the data independent acquisition of LC-MS E permits accurate quantification over a wide dynamic range. 29 Additionally, the same set of MS and MS E data is available for peptide sequence confirmation. 24, 25, [29] [30] [31] In this study, the methodology was applied to tryptic digests of the biosimilar and innovator mAbs in order to compare their sequences and distinguish differences between them. An automated data processing and annotation procedure was applied with the same application manager (BiopharmaLynx 1.2) to the entire data sequence information of HT34-35 and HT35 could be derived. The sequence of the innovator mAb at peptide HT35 was found to be consistent with the published version, 20 but that sequence was not consistent with the one available from DrugBank. 32 In the heavy chain region of the latter sequence, a two amino acid difference was apparent from the sequence used by the application manager to match the innovator. Therefore, using the existing data already acquired, the fragmentation pattern could be re-matched with the alternative sequence obtained from the DrugBank. Figure 3B shows that a perfect match resulted when this alternative sequence was used, confirming that the sequence of HT35 in the biosimilar was DELTK.
That the alternative sequence variant was not present in the innovator product was easily checked. This was done by manually extracting precursor masses in the raw data with MH + of 605.31 and 1872.96 Da to confirm the presence in the biosimilar, and absence in the innovator. Indeed, XIC peaks of precursors with peptide sequences EPQVYTLPPSRDELTK and DELTK only exist in LC-MS data of biosimilar tryptic digests (data not shown).
The identified sequence variants demonstrate that the biosimilar candidate is a different allotype compared with the innovator (trastuzumab) mAb. 33, 34 In Europe and the US, biosimilars must have the identical amino acid sequence as innovator protein therapeutics. 3 Biological, non-clinical and clinical studies equivalent to those required for a novel product would likely be MH + = 637.28 Da) were both correct according to the fragment ion data (see Fig. 3A for the processed MS E spectrum of HT35); however, there was no matching fragment ion data for these two sequences in the biosimilar data. The difference was confirmed in the raw (unprocessed) data by the extracted ion chromatograms (XIC) of peptides HT34-35 and HT35. XIC peaks of precursors with peptide sequences EPQVYTLPPSREEMTK and EEMTK only appear in LC-MS data of innovator tryptic digests, but not in the biosimilar (data not shown).
The two new singly charged masses in the biosimilar were not matched to corresponding tryptic peptides in the innovator map. Fig. 2B and C) . The mass difference was consistent with the observation of intact mass measurements, i.e., the heavy chain of the biosimilar had ~32 Da mass lower than the innovator mAb. Therefore, a molecular difference, potentially due to PTM or different composition of amino acid residues, must be present in HT34-35 and HT35 of the biosimilar compared with the innovator product. Taking into account that HT34-35 is a miscleavage of peptide HT35, the molecular and mass difference must logically be located in tryptic peptide HT35.
An examination of the processed MS E data of the biosimilar indicated that there were indeed clear fragments for the two new masses, but no confirmatory sequence assignment. Only partial Comprehensive glycosylation study. The remaining differences in the glycosylation heterogeneities between the biosimilar candidate and the innovator product could also be related to the sequence variants. In a comprehensive study of glycosylation, three methods were applied: (1) Intact protein mass measurement and deconvolution, (2) Glycopeptide and glycoforms assignment within peptide maps and (3) MALDI-QTof MS characterization of released free glycans and LC-fluorescence quantification of 2-aminobenzamide (AB) labeled free glycans.
Intact protein mass analysis of glycosylation heterogeneities. As shown in Figure 1A , at the intact protein level, the peaks of (G0F)2, G0F/G1F, (G1F)2, G1F/G2F and (G2F)2 could all be readily assigned based on mass differences of the sugars (see Fig. 5 for the structures of corresponding glycans). For each mAb, the five main peaks demonstrated a characteristic sequential mass difference of ~162 Da, consistent with varying numbers of terminal galactose residues from the two core glycan structures. A peak corresponding to G0/G0F, which had a 146 Da mass difference from (G0F)2 due to incomplete occupancy of a fucosylation site on one of the core glycan structures, was required for this candidate "biosimilar" mAb to be approved in these regions. 35 It should be stressed that the above sequence difference can barely be observed in LC-UV tryptic maps of the two mAbs due to co-elution with other peptides. Except for peak shape, little difference of the LC peaks corresponding to HT34-35 was observed in the UV maps (Fig. 4) . The innovator HT34-35 co-eluted with HT42 in the innovator map and the biosimilar HT34-35 co-eluted with HT10 in the biosimilar map. Similarly, HT35 also co-eluted with HT18 in the innovator map. Chromatographic co-elution of these peptides did not have an impact on either the MS information obtained, nor on the ability to quantify lowabundance impurities, such as modified peptides at substoichiometric concentrations, by MS signal because of the unbiased nature of the methodology.
Except for two small peptides HT28 (CK) and HT32 (AK), all peptide sequences were at least verified in 1-miscleavage tryptic peptide. All the verifications were confirmed by MS E spectra. Except for the difference on HT35, no other additional sequence difference was detected between the two mAbs. automatically by the application manager by their accurate mass and confirmed by examining the MS E spectra, while G0, G1, G2 and Man5 were minor glycoforms determined by accurate masses. Although the number and identity of glycoforms identified from both biosimilar and innovator mAbs were the same, the pattern (or relative content) of the glycoforms was different. For example, the relative content of G0F was increased in the biosimilar compared with the innovator product, but decreased for G1F and G2F. This result was consistent with the intact protein mass measurements and free glycan profiling analyses.
Profiles of released glycans. The 2-AB labeled glycans, released from mAbs by PNGase F, were separated using hydrophilic interaction chromatography (HILIC) LC with fluorescence detection for quantification. The glycan mass profiling and structure elucidation were performed by MALDI QTof MS and MS/MS in a separate experiment without 2-AB labeling. Seven major glycans (G0F, G1F, G2F, G0, G1, G2 and Man5; Fig. 5 ) were identified and quantified for both antibodies, and the result was consistent with peptide mapping data showing seven glycoforms in the N-linked glycopeptide HT25. Further, two isomeric forms of G1F and G1 were separated and quantified by HILIC chromatography. LC-fluorescence quantification data observed in each mAb. In addition, a low-level Man5/Man5 form was detected in both mAbs.
Similarly, the heavy chains show multiple masses (Fig. 1B ) due to the attached biantennary oligosaccharides G0F, G1F and G2F, as well as low-level G0, G1, G2 and high mannose forms such as Man5. Additional details on glycosylation were investigated by peptide mapping and free glycan profiling. The intact/ reduced heavy chain MS analyses of the two antibodies (Fig. 1A  and B ) revealed what appeared to be different glycosylation patterns. While G1F is the most abundant glycosylation form in the innovator product, G0F was the most abundant in the biosimilar (Fig. 1B) . The ratios of G0F/G1F and G0F/G2F were significantly increased from the innovator to the biosimilar mAb. As expected, no glycosylation was observed on the light chains.
Peptide mapping assignment of N-linked glycopeptide and glycoforms. Consistent with the previous study, 20 N-glycosylation was only observed in an asparagine (N) residue located in the heavy chain tryptic peptide HT25 (EEQYNSTYR) for both mAbs. Nearly all (99%) of the peptide was glycosylated and a total of seven N-linked glycoforms were identified (see Fig. 5 for the corresponding glycan structures of the glycoforms). G0F, G1F and G2F were major glycoforms of glycosylated HT25, assigned concentration of deamidated HT10 could be directly related to unmodified HT10 in each mAb and between the two mAbs by MS signal intensities.
Thirteen N-deamidation sites, three aspartic acid (D)-isomeri-zation sites and two methionine (M)-oxidation sites were located in 15 tryptic peptides (11 on heavy chain and 4 on light chain). All the modifications were confirmed by MS E spectra, and the modification sites were located by y-or b-series ions (as illustrated in Fig. 6 ). The modification sites and level (%) in both the biosimilar and innovator mAbs are listed in Table 1 .
Rates of N-deamidation and D-isomerization are dependent on a number of factors, including the nature of sample solution, pH, temperature, primary sequence and 3-dimentional structure, [36] [37] [38] [39] and generally increase with the time of sample storage. It is also well-known that artificial deamidation can be introduced during sample preparation, 40 particularly during tryptic digestion in basic pH solutions such as ammonium bicarbonate or tris buffer. Methods to differentiate N-deamidation that occurred prior to and during sample preparation, 41 and to minimize artificial modifications of mAb digests 42 have been reported. In this study, a RapiGest-assisted 4-hour tryptic digestion protocol was applied for preparation of tryptic digests of the two mAbs. This method (Fig. 5B , based on integrated peak areas in Fig. 5A ) again show that the glycan proportions in the antibodies were different. The relative ratios of G0F/G1F and G0F/G2F were significantly increased in the innovator compared with the biosimilar mAb. While G1F was the most abundant glycan structure in the innovator product as demonstrated by both MALDI-MS measurements of unlabeled free glycans (Fig. 5C ) and LC-fluorescence quantification (the sum of G1Fa and G1Fb in Fig. 5B ), G0F became the most abundant in the biosimilar. These glycan pattern changes were confirmed by all three orthogonal methods applied in this study.
Differences in other PTMs. Besides N-linked glycosylation, other PTMs were also characterized as part of the routine peptide mapping by LC-MS E . The methodology provides three pieces of additional information for all modifications: 24 (1) MS E is able to locate modification sites and determine modification type; (2) the intensities of precursors can be used to estimate the concentration of PTMs and (3) differences in modification levels can be used to compare samples.
An example of the identification of a deamidated and an unmodified HT10 (NTAYLQMNSLR) is shown in Figure 2B . Sequences were verified by MS E spectra and the modification site of deamidated HT10 was located (Fig. 6) . The relative to note that a biosimilar product may potentially exhibit a range of differences compared to the innovator product. The molecular equivalence needs to be assessed using a panel of analytical methods, and this task is not trivial. Although a number of physicochemical and biological methods are available for characterization of mAbs, 3,9,44 the ability to routinely compare a biosimilar mAb to the corresponding innovator product on a molecular level has been challenging. Here, three LC and MS based approaches on a common platform were successfully applied to define the molecular similarity between a biosimilar and innovator mAb.
Intact protein mass measurement was chosen for a fast evaluation of obvious differences between the biosimilar and the innovator protein therapeutics. Acquired mass spectra (Fig. 1A-C) indicated that the innovator and biosimilar mAbs have different glycosylation patterns. In addition, analysis of the reduced protein indicated that there was a mass difference between the heavy chains of the two mAbs (Fig. 1B) . While MS analysis of intact protein is fast and useful, it cannot specify the exact nature of the differences. In addition, intact mass measurement has limitations for detection and characterization of chemical degradations achieves a full digestion and has a relatively short digestion time compared with standard overnight tryptic digestion protocols. 40 The N-deamidation and D-isomerization were comparable for each corresponding site in the two mAbs; however, the amount of oxidation on the 2 M-sites was doubled in the biosimilar compared to the innovator product. For example, only about 4% M-oxidized HT21* (DTLMISR) was detected in the innovator, but more than 10% M-oxidation was detected in HT21* of the biosimilar mAb. Quantification of oxidized and unmodified HT21 using XIC peak area (Fig. 7) , demonstrated the same difference. M-oxidized HT21* co-eluted with other peptides, again indicating the practical utility of LC-MS E methodology.
Discussion
Over 20 mAbs have been approved and marketed 19, 43 and data on potency assays and safety for these products are available. A wealth of experience in the development of mAbs is also available. This makes it possible to develop less expensive biosimilar mAbs based on the philosophy of similarity. However, it is important an application manager having built-in algorithms for comparison, which automated and accelerated data analysis by removing tedious data interpretation work. While the reverse-phase LC-MS based accurate mass intact protein measurements detected that the biosimilar mAb had a mass ~64 Da less compared with the innovator product (Fig. 1A) , and defined that the mass difference was located on the heavy chains (~32 Da each; Fig. 1B ), peptide mapping with reversephase LC-MS E identified the difference as a sequence variant of peptide HT35 (Figs. 2 and 3) . Heavy chain sequences with two different amino acids on HT35 (D359 and L361 instead of E359 and M361) produced a 31.97 Da lower mass for the biosimilar compared with the innovator product. No other sequence differences were detected between the two mAbs.
The same glycoforms, but different patterns, were observed by both intact mass measurements (Fig. 1A and B) and peptide mapping experiments. While intact mass measurement can locate glycoforms in the heavy chain, peptide mapping determined only N-linked glycoforms on N300 of peptide HT25 (EEQYNSTYR) as expected. Again, as expected, G0F, G1F and G2F were the major glycoforms, but their relative amounts were different between the two mAbs. For example, G1F was the most with small or no mass difference such as N-deamidation, D-isomerization and M-oxidation that were investigated in this study. The detailed study of modifications and variants presented here was performed with LC-MS E peptide mapping. Peptide mapping of enzymatic (often tryptic) digests of large proteins such as mAbs is challenging in general because of the large number of peptides present in the digest that must be separated by LC. LC-MS was critical to identify the differences between the two mAb samples. The UV chromatogram did not reveal distinct differences between the two peptide maps due to the limitation of UV detection for differentiating co-eluting peptides ( Fig. 4A and B) . In contrast, the LC-MS chromatograms ( Fig. 2B and C) show unambiguously the presence of unique peptides in both peptide maps, even though they co-eluted with other components.
We previously developed an LC-MS E peptide mapping method that can simultaneously identify and quantify low-abundance impurities, sequence variants and site-specific modifications. 24 The MS E acquisition provided raw data that was rapidly processed to confirm the sequences of detected peptides, including sequence variants (Fig. 3) and PTMs (Fig. 6) . In this peptide mapping methodology, data processing and interpretation were facilitated with Figure 6 . Charge-reduced, isotope-deconvoluted MS E spectra (processed by BiopharmaLynx 1.2) of (A) unmodified and (B) N-deamidated tryptic peptide HT10 (NTAYLQMNSLR). The consistent 1-Da mass increase in y-serious ions from y4 in deamidated HT10 compared to unmodified HT10 clearly indicates the deamidated N site. The meaning of colors in the spectra is the same as described in Figure 3. released glycans (Fig. 5B) , further confirming the differences. The main difference between the innovator and the biosimilar measured by this methodology was in the relative proportions of G0F and G1F. In addition to accurate and sensitive quantification, another advantage of the method is the ability to resolve isomers of glycans such as G1Fa and G1Fb, and G1a and G1b (Fig. 5A) . MALDI QTof MS measurement (Fig. 5C) abundant glycoform in the innovator product, but G0F was the most abundant glycoform in the biosimilar mAb.
While both intact MS analysis and peptide maps clearly reveal differences in the relative glycosylation patterns for the investigated antibodies, a HILIC LC-fluorescence method for extensive profiling of 2-AB labeled glycans (released by PNGase F) was performed for accurate quantification of the for the biosimilar may lead to greater oxidation. Finally, the confirmation of a sequence variant (two amino acid residue difference on HT35) of the biosimilar mAb in this study can immediately be used as a guide to correct clone selection, saving significant time and money in biosimilar development. Knowledge of structural differences, which determine if biological, nonclinical and clinical studies should be initiated, is critical for development of biosimilar mAbs. Therefore the characterization of molecular similarity between a biosimilar and an innovator product should be done as early as possible. Routine bioinformatics and LC-MS tools described here can characterize the differences between two mAbs in days. BiopharmaLynx automates and removes the tedious LC-MS data processing in LC-MS peptide mapping and intact protein mass measurements. This has traditionally been done manually or using proteomics software that is not optimized for biopharmaceutical workflows.
Materials and Methods

Samples and materials.
The candidate biosimilar and innovator (trastuzumab) IgG1 antibodies were donated by a generous collaborator from an emerging Asian market. Iodoacetamide (IAM), dithiothereitol (DTT), ammonium formate, ammonium bicarbonate (NH 4 HCO 3 ), trifluroacetic acid (TFA), peptide N-glycosidase (PNGase F) and GlycoProfile 2-ab-labeling Kit were purchased from Sigma Chemical Co., (St. Louis, MO, USA), Sequence-grade trypsin from Promega Corp., (Madison, WI, USA), Formic acid (FA) from EM sciences (Gibbstown, NJ, USA), Optima-grade acetonitrile (ACN) from Fisher Scientific (Pittsburg, PA, USA), and RapiGest SF, MassPREP Glycoanalysis Kit containing RapiGest SF, 96-well microElution HILIC solid phase extraction (SPE) plate and MassPREP MALDI matrix 2,5-dihydroxybenzoic acid (DHB) were obtained from Waters Corp., (Milford, MA, USA). A Millipore Mili-Q purification system (Bedford, MA, USA) was used to prepare deionized water (18 M⍀ cm) for HPLC mobile phases and in all sample processing procedures.
Instrumentation. Separations were performed on Waters ACQUITY UPLC TM system equipped with a tunable ultraviolet (TUV; for peptide mapping) or fluorescence (for released glycan profiling) detector. All MS measurements were implemented on a of unlabeled free glycans was helpful for elucidation of the free glycan structures.
Peptide mapping with LC-MS E also identified and quantified common PTMs in the two mAbs (Table 1) , such as deamidation, isomerization and oxidation. Although comparable N-deamidation and D-isomerization were characterized between the two mAbs, increased M-oxidation was identified in the biosimilar compared with the innovator product. For example, only ~4% oxidation of M255 on HT21 (DTLMISR) of the innovator mAb was measured, but the M-oxidation was more than doubled (~10%) for the biosimilar mAb (Fig. 7) .
In conclusion, peptide mapping with LC-MS E , combined with intact mass measurements and free glycan profiling, can provide a comprehensive comparison of a candidate biosimilar mAb to an innovator product. Intact protein mass measurements can compare molecular mass and heterogeneities such as glycoforms and non-product impurities. Peptide mapping with LC-MS E is able to locate and verify the heterogeneities and impurities. In addition, LC-MS E can also systematically compare other differences due to PTMs with small, e.g., +0.98 Da of N-deamidation, or no mass differences, e.g., 0.0 Da of D-isomerization because the isomers have different retention times. Even small differences in glycosylation have been detected as part of the routine peptide mapping characterization. The identity and relative content of individual glycan structures were compared with free glycan profiling. The observation of increased M-oxidation also indicates that the operating conditions of the production process maintained during the analyses. An auxiliary pump was used to spray a solution of 100 fmol/l Glu1-fibrinopeptide B (GFP) in 50/50 ACN/water containing 0.1% FA for mass accuracy (lockmass channel), with a flow rate of 20 l/min and sampling every 1 min. The system was tuned for a minimum resolution of 10,000 and calibrated using a 100 fmol/l GFP infusion.
The collected LC-MS data were processed by BiopharmaLynx 1.2, using fully tryptic cleavage rules 45 for both heavy chain and light chain sequences of the innovator mAb. Cysteine carbamidomethylation (+57.02 Da) was set as a fixed modification, while N-deamidation (+0.98 Da for aspartic and isoaspartic acid products, and -17.03 Da for succinimide intermediate) and M-oxidation (+15.99 Da) as variable modifications. Glycan structures of human mAbs 46, 47 were also set as variable modifications. The mass tolerance for both precursors and fragments was set to less than 30 ppm. The identified peptides were confirmed by MS E spectra with at least three fragment ions.
Free glycan profiling. After denaturing with RapiGest SF and reduction with DDT, N-linked glycans of the antibodies were deglycosylated by adding PNGase F and incubating at 37°C overnight. Released glycans were extracted using HILIC microElution SPE in a 96-well format plate using a protocol as described before. 48 The glycans were subsequently labeled with 2-aminonbensamide (2-AB) using a Sigma GlycoProfile 2-AB labeled Kit. Again, HILIC SPE plate was applied to remove excess 2-AB labeling agent.
The 2-AB labeled glycans were subsequently separated on a HILIC column (2.1 x 150 mm, BEH amide, 1.7 m) at 40°C and detected by an ACQUITY UPLC fluorescence detector. Separations were performed at a 45-min gradient (72-62% B) and 0.2 ml/min flow rate using 100 mM ammonium formate, pH 4.5 as mobile phase A and 100% ACN as mobile phase B.
The released free glycans were also characterized without labeling using MALDI QTof MS in a positive ion mode to obtain mass profiling and structure elucidation. The operating conditions were described in a previous study.
48 Simglycan (v. 2.75 ) from Premier Biosoft International was used for the identification. tion reported for many of the peptides in the innovator antibody are much higher than previously reported for this innovator antibody ( Table 1 , Heavy Chain peptide HT6 and Light Chain peptide LT3 examples and reference 20 for previously reported data). We acknowledge that the digestion protocol was not optimized to minimize sample preparation-induced deamidation and believe that the high levels reported for certain peptides may not be reflective of the true level of deamidation in the sample prior to digestion. The main conclusion of the paper, namely that there was a sequence difference between the two samples, is still valid.
Waters SYNAPT HDMS system equipped with both an ESI and MALDI sources. The systems were controlled by MassLynx TM 4.1 software and all LC-MS experiments were implemented in online configurations.
Intact protein mass measurements. The antibody samples were denatured with RapiGest SF and reduced with DTT. The intact and reduced antibody samples were analyzed by reversephase LC-MS. The reverse-phase desalting separations of intact and reduced mAbs were performed on a Waters MassPREP TM Micro Desalting Column (2.1 x 5 mm) using a 1.5 min gradient (5-90% B) for intact and a 10 min gradient (5-50% B) for reduced antibody. The mobile phase A was 0.1% formic acid in water, while mobile phase B contained 0.1% formic acid in acetonitrile. The flow rate and column temperature were maintained at 200 L/min and 80°C, respectively, throughout the run. Mass spectrometric analysis was carried out in positive ion V mode. The desolvation gas and source temperatures were set to 350°C and 120°C, respectively. The capillary and cone voltages were set at 3,000 and 40 V, respectively. All the other voltages were optimized to provide optimal signal intensity. Trap and transfer collision energies were set at 6 and 4 V, respectively. The instrument was calibrated in the m/z range of 600-5,000 using CsI. The deconvolution of ESI mass spectra of intact and reduced mAbs was performed by Biopharmalynx 1.2 using MaxEnt 1 algorithm. For deconvolution, the m/z range from 1,500-3,500 (intact mAb) and 1,100-2,400 (reduced mAb) were used with the following MaxEnt 1 parameters: mass range from 130,000-160,000 Da; minimum intensity ratio left and right, 50%; width at half height for uniform Gaussian model, 1.4 (low m/z) and 1.5 (high m/z); number of iterations, 10 (intact mAb) and mass range from 20,000 to 60,000 Da; minimum intensity ratio left and right, 30%; width at half height for uniform Gaussian model, 0.4 (low m/z) and 0.8 (high m/z); number of iteration, 10 (reduced mAb).
Peptide mapping analysis. Tryptic digests of antibodies were prepared using sequence-grade trypsin (1:50 w/w) by incubating at 37°C in 50 mM NH 4 HCO 3 solution containing 0.1% RapiGest SF (pH ~7.5) for 4 hours. Before digestion, proteins are denatured by heating at 80°C for 15 min, and reduced with DTT and alkylated with IAM. Formic acid (0.5% v/v) was used to degrade RapiGest SF and quench trypsin enzymatic reactions. ACN (to 30% v/v) was used to dissolve precipitate due to a RapiGest SF degradation product. The digests were diluted to 0.36 g/l solution containing 5% ACN and 0.1% FA prior to reverse-phase LC-MS E analysis. 3.6 g (in 10 l) protein tryptic digest was injected for each LC run.
Peptide mixture was separated on a 2.1 x 150 mm BEH300 1.7 m column at 65°C using a 90-min gradient (1-40% B) . The LC mobile phases and flow rate were the same as in above intact protein mass analyses. LC-eluted peptides were detected by MS with an alternating low collision energy (4 V) and elevated collision energy (ramping from 20 to 40 V) ESI + acquisition mode to obtain the precursor ions (MS) and their fragmentation data (MS E ), respectively. Scan time was 0.5 second (1 s total duty cycle). A capillary voltage of 3.0 kV, source temperature of 100°C, cone voltage of 35 V, cone gas flow of 10 L/h were
